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SOME EFFECTS OF VARIATIONS IN SEVEE?AL PARAMETERS 
INCLUDING FLUID DENSITY ON THE FLUTTER SPEED 
OF LIGHT UNIFORM CANTILEVER WINGS 


By Donald S. Woolston and George E. Castile 


SUMMARY 


An experimental investigation has been made of some effects of 
variations in several parameters, including fluid density, on the 
flutter characteristics of light uniform cantilever wings . The assort- 
ment of wings tested covered a variety of positions of the elastic axis 
and center of gravity and values of the aspect ratio of 8, 6, and 4. 

The relative-density parameter l/^iT(where k is representative of the 
ratio of fluid density to wing mass) was varied over a range of values 
from 1.2 to nearly l4. Special' emphasis has heen placed on the lower 
values . 

The experimental investigation has heen supplemented by an analyti- 
cal investigation based on the two-dimensional aerodynamic theory for 
incompressible flow. In a few instances corrections for the effects of 
finite span have been made. La general, the theoretical results followed 
the trends indicated by experiment except at very low values of the 
relative -density parameter (^ i /\[ k ~ less than 3 )* For these low values 
the analytical considerations employed indicaxed a freedom from flutter 
not found experimentally. At higher values of l/'/^ the flutter-speed 

coefficient is shown to decrease with decreasing values of l//iT and 
to be nearly proportional to the inverse of the square root of the air 
density. 


INTRODUCTION 


The trend toward flight of airplanes at high speeds and high alti- 
tudes has given increased significance to the problem of the effects of 
Mach mmiber and variations in density on wing flutter characteristics. 
Experimental and theoretical investigations of the problem have been 
made, for example, in references 1 and 2. The present investigation is 
intended to make further contributions to the subject. 
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Tn reference 1 tilie results of an experimental investigation of the 
effects of variations in fluid density are presented. The flutter data 
are shown as a function of a relative -density parameter 1/\[k, where 
K is the ratio of the mass of a cylinder of the surrounding fluid with 
diameter equal to the chord of the wing to the mass of the wing. Two 

fairly heavy wings (with values of l/^fiT greater than 9) were tested 
over a range of Mach numbers and density. After some simple modifica- 
tions for the effects of compressibility and wave length, the dynamic 
pressure at flutter was shown to he nearly constant over the full range 
of densities tested. 

A part of the work presented in reference 2 deals with the theo- 
retical effects of variations in density. Considerably lighter wings 

(values of l/vflT from 3 to 5^ than those treated in reference 1 were 
Included in the study. At the higher values of the relative-density 
parameter the nearly constant dynamic pressure at flutter noted in 
reference 1 was indicated. As this density parameter was decreased to 
values typical of very li^t wings, an abrupt change occurred in the 
behavior of the flutter curves . Since the wings tested in reference 1 
were not sufficiently light to lie in this critical range, and since 
some 1 i gbt, airplanes, or components of heavier airplanes, at low alti- 
tudes may approach this range, a further experimental investigation 
seemed desirable. 

One of the purposes of the present paper is to extend the experi- 
mental study of the effects of density variations to low values of the 
relative-density parameter . and thus to extend the work of reference 1. 
Furthermore, a wider assortment of wings, giving a broader range of 
structural parameters,- is studied than was treated in reference 1. This 
assortment of wings covers a variety of positions of the elastic axis 
and center of gravity, a range of values of the ratio of bending 
frequency to torsional frequency, and values of the aspect ratio of 8, 

6, and 4. Thp experiments were conducted in differeht mixtures of air 
and Freon-12, which resulted in density variations equivalent to varia- 
tions in altitude from sea level to approximately 40,000 feet. For each 
case of experimental flutter, a theoretical calculation for the corres- 
ponding conditions at flutter was undertaken. In this work use was made 
of an analysis of the Rayleigh type in which two-dimensional, incompress- 
ible aerodynamic coefficients were employed. In a few selected cases 
corrections for finite span have been applied by the method of reference 3« 
Thp analytical treatment as given herein is not complete eind should be 
extended, with particular emphasis on the low values of the relative - 
density parameter appropriate to li^t airplanes . 



SYMBOLS 


nondlmensional distance of elastic axis from mldctiord 

measured in half -chords, positive for positions of elastic 
axis behind midchord 

aspect ratio 

wing half -chord, feet 

wing chord, feet 

bending stiffness of wing 

structural damping coefficient considered as variable in 
solution of flutter determinsint 

torsional stiffness of wing 

mass moment of inertia per vmit length referred to wing 
elastic axis 


semispan of wing, feet 

aerodynamic wing-lift coefficient due to bending oscillation 
of the wing 

aerodynamic wing-moment coefficient due to torsional osclUa- 
tions of the wing about its quarter chord 

aerodynamic moment coefficient about wing quarter-chord point 
due to bending oscillations of the wing 

aerodynamic moment coefficient about wing quarter-chord point 
due to torsional oscillations of wing about its quarter 
chord 

mass per unit length 

Mach number 


dynamic pressure, pounds per square foot 


nondlmens ional ra dius of gyration relative to elastic 
axis 
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K 

P 

CD 

^2 


tp. 


a 


static moment per unit length referred to wing elastic axis, 
positive for center of gravity behind elastic axis 

flutter speed, feet per second 

nondimens ional distance of center of gravity from elastic 
axis measured in half -chords, positive for positions of 
center of gravity behind elastic axis 

relative -density parameter ^«ph^/n^ 

density of testing medium, slugs per cubic foot 

angular frequency at flutter, radians per second 

angular frequency of first uncoupled bending mode, radians 
per second 

angular frequency of second uncoupled bending mode, radians 
per second 

angular frequency of first uncoupled torsional mode, radians 
per second 


APPARATUS AND TESTS 
Models 


Semi span models of balsa rib and skin construction supported by a 
single spar were used in this Investigation and were designed to give a 
low wing density. The models were slotted chord-^iise into 2- inch sections 
in order to avoid possible unknown changes in stiffness inherent in 
conq)licated glued structures. (See fig. 1. ) 

Three positions of the elastic axis were obtained by placing the 
spar 20,^ 30, and ko percent of the chord behind the leading edge . The 
chord of all models was kept constant (l ft.), whereas the semispan was 
varied to provide aspect ratios of 8, 6, and 4. The properties of the 
models are presented in table I. Ifodels are designated by three num- 
bers separated by dashes; the first two give, respectively, the approxi- 
mate locations of the elastic axis and of the center of gravity in per- 
cent chord from the leading edge, and the third specifies the ratio of 
the wing semispan to the chord. The frequencies given in the table are 
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uncoupled frequencies euad vere calculated from the measured stiffness, 
mass, and moment of inertia of the ving. ffoment of inertia was measured 
by swinging a section of the wing as a torsional pendulum in a partial 
vacuum of two inches of mercury. 


Itesting Techniques 

The models were mounted as cantilevers in the Langley 4,5-foot 
flutter Research tunnel described in reference 1. The flutter tests 
were conducted with different mixtures of air and Freon -12 to provide 
variations in density. The airspeed in the timnel was increased 
gradually until flutter was observed. The airspeed was then reduced 
immediately to prevent destruction of .the model. At the point of flutter 
an oscillograph record of the model frequencies was taken and the tunnel 
temperature, tunnel pressure, and dynamic pressure were recorded. Where 
Freon-12 was employed, the percentage of Freon-12 in the testing medium 
was obtained after each test. 

Wherever possible models were tested over the full density range 
of the tunnel; that is, at pressures from 30 inches of mercury in 
Freon -12 to 4 inches of mercury in air. These pressures correspond to 
a range of altitudes from sea level to approximately 40,000 feet and 
provide values of 1/J~k from 1.2 to about l4. 


AMLYSIS 


In the theoretical determination of the flutter characteristics of 
the cases considered in this investigation, application has been made 
of an analysis of the Rayleigh type, based on uncoupled modes and two- 
dimensional incompressible air-force coefficients. In all- cases the 
first three uncoupled modes of the system (namely first bending,, first 
torsional, and second bending) have been considered. The determinantal 
equation of the flutter condition in these three degrees of freedom, 
derived from the Lagranglan equations of equilibrium, may be expressed 
as (see, for example, reference 4, chapter IX): 


Aji |l - Ai2 + *^12 

A21 + Cgi A22 [1 - <%2^^ ^22 

A^l + C31 - A32 + 0^2 


^13 ^13 


'33 


A23 + C23 

|l - 


0 ( 1 ) 


33 
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where the A and C coefficients are constants computed from the inertial 
properties of the system, the uncoupled modes, and the appropriate 
aerodynamic coefficients . They are given hy: 


All ^ Jq ® 

j 

CL 

II 

0 

1" b^a jfjj^(x^ ^dx 

Ai2 = A2X =J^ mfj^^(x)fjj^(x)dx = 0 

C12 = C2I 



C13 = irp ^ 


A22 = jT 

C22 = 


A23 = So,fii^(x)fJx)dx 

C23 = «p 

jT h^pfjj^(x)fa,(x)dx 

A31 = Sg,fij^(x)fJx)dx 

C31 = np ^ 

[ ^x)dx 

•^32 = f Safh (x)f^3^(x)dx 
Jq 2 

C32 = «p ^ 


^33 = 

C33 = rtp ^ 

(■‘‘•E.-O*- 


> 


(2) 


The values and in equation (l) are, respectively, 

the angular frequencies of the first bending, second bending, and first 
torsional modes of vibration. The parameter n is a characteristic 
value given, in terms of the flutter frequency cd and a concept of the 
structural damping coefficient g, by the relation 


= i|i + ig] 

CD •- 


( 3 ) 
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The functions fj^ 2 (x), and f(j,(x) (equation (2)) refer, 

respectively, to normalized displacements in the first tending, second, 
bending, and first torsional modes of vibration of the wing. The 
qmntities a, p, y, and 8 appearing in the C coefficients are 

functions of the reduced-frequency parameter — and may be written in 

bcu 

terms of the tabulated aerodynamic coefficients of reference 5 as 
follows : 

a = Lh 

s = - ltd + a) 

r = % - ltd + a) 

8 = t + a) 

The flutter speed eind frequency are determined from the character- 
istic values of — and oi that cause the flutter determinant (l) to 
boi 

vanish. 


EESULTS AHD DISCUSSION 


As previously pointed out, most of the theoretical results discussed 
herein are based on analyses in which two-dimensional aerodynamic 
coefficients were employed. In the case of wings of low aspect ratio 
these calculations probably are not physically significant but were 
carried out to show the trends that would be indicated by the two- 
dimensional aerodynamic theory. 

Results of the experimental and theoretical investigations for each 
model, with sufficient data to permit additional analytical investigations, 
are given in tables II to X. In these tables, if no theoretical results 
are given, either no solution existed or none lay within a practical 
range of values of the parameter v/bco. 

Figures 2 to 10 illustrate, primarily, some effects of variation 
in density on flutter characteristics for wings of various aspect ratio 
and with various positions of the center of gravity and elastic axis. 

In these figures the flutter-speed coefficient v/bc%, is plotted against 
the density pareimeter l/f*^, where k is the ratio of the mass of a 
cylinder of the surrounding fluid with diameter equal to the chord of 
the wing to the mass of the wing, both taken for equal lengths along the 


w 


- + ») + 1^0 + =‘)‘ 
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span. Tlie experimental results indicate, in general, that a decrease in 
the parameter l/ results in a decrease in the flutter-speed coefficient , 
Over most of the range of values of the parameter l/>/it” the flutter- 
speed coefficient is nearly proportional to the inverse of the square 
root of the density. In some cases, however, for values of 1 /\[k~ less 
than 2, a m i n imu m value of the experimentally determined flutter -speed 
coefficient is indicated and a slight increase in the flutter-speed 
coefficient is noted. (See figs. 2 and 3-) (The theoretical curves 
based on two modal functions in figure 3 are discussed in detail subse- 
quently.) For the higher values of the relative -density parameter 
greater than 3^ the results of the analysis based on two-dimensional 
aerodynamic data generally follow the trends indicated by experiment but 
are conservative. Mar a value of l/\[iT slightly less than 3, however, 
the analytical considerations employed predict a minimum value of the 
flutter-speed coefficient after which an abrupt increase is indicated. 
Experimental points were obtained below this Tninimnm theoretical value 
of the flutter -speed coefficient- At still lower values of l/^JlT the 
analytical considerations employed showed freedom from flutter. Fvirther 
analytical investigation of this region therefore appears desirable. 

The ^ta of figures 2 to 10 have been replotted in figure 11 to 
illustrate the effect of decreasing the semlspan-chord ratio. . Each of 
these figures is related to wings of constant section properties but 
dlfferiixg in span. As stated previously, the calculations of the theo- 
retical curves shown in these figures were based on two-dimensional air- 
force coefficients and, although they probably are not physically 
significant for the wings of lower aspect ratio, were carried out to 
show the trends that would be indicated by the two-dimensional aerodynamic 
theory. In figure 11 the results based on the two-dimensional aerodynamic 
theory are seen to fit In fairly well with experimental data for the 
wings of highest aspect ratio except at low values of the relative - 
density parameter. Greater deviations between experiment and the two- 
dimensional aerodynamic theory are shown, however, as the aspect ratio 
is decreased. 

In a few selected cases corrections for the effects of finite span 
were applied by the method of reference 3 bo a wing of aspect ratio 6 
(model 17-32-3) • In order to simplify the emalytical procedure only 
two uncoupled modes, namely, linear torsion and parabolic bending, were 
employed. A comparison with the resvilts of two-dimensional aerodynamic 
theory was provided by using these same two modal functions in an 
analysis based on two-dimensional air forces. The results of these 
calculations are shown in figure 3* A comparison of the results indicates 
that the application of finite-span corrections provides good agreement 
with experiment for high values of the relative -density parameter but 
has little effect in the region of low values of this parameter where 
the two -dimensional aerodynamic theory predicts an abrupt rise in the 
flutter-speed coefficient . 
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la conjunction with the question of a minimum value of the flutter- 
speed coefficient associated vith the discussion of the theoretical 
results shown in figures 2 to 11, figure 12 is presented to illustrate 
the form of the conventional plot of the damping coefficient g against 
the wave-length parameter v/to for several points selected from the 
theoretical curve shown in figure 3* The plots are arranged in order of 
decreasing values of the parameter l/T*^ T'Jhere instahility was indicated, 
flutter conditions were obtained for the case g = 0. Note that, as 
l/\p^ is decreased, a borderline condition between stability and insta- 
bility is approached (fig. 12(d)). This condition, together with the 
flutter -free condition indicated for still lower values of l/\/^ 

(figs. 12(e) and 12(f)), is consistent with the existence of a minimum 

value of the flutter-speed coefficient shown in figures 2 to 11. Of 

the three characteristic values satisfying the flutter detenninant the 
only one plotted in figure 12 is that for which the associated frequency 
approached the experimentally determined flutter frequency. Increasingly 
negative values of g with increasing values of v/bcu were found for 
the other characteristic values over the range of v/bcn considered. An 
indication that the consideration of additional degrees of freedom in the 
analysis would not have altered these results appreciably can be gained 
from the fact that the differential-equation approach of reference 6 was 
applied to a case similar to that represented by figure 12(e) and no 
solution was obtained within a reasonable range of values of v/boi. 

Figures I3 to 17 show the dyneimic pressure at flutter as a function 

of the wave-length parameter v/bco. The theoretical values of dynamic 
pressure shown in the figures are those which arise from the calculations 
baaed on incompressible aerodynamic forces. The experi mental values have 

been modified by the compressibility factor 1 /\/l - M^, as was done in 
reference 1, ■ to permit comparison with the theoretical values. The fig- 
ures indicate that the dynamic pressure at flutter remains essentially 
constant with decreasing wave length until a low critical value of v/bcu 
(generally near 2) is reached. At this point a sudden rise in dynamic 
pressiire occurs . Examination of figures I3, 1^, and 15, which relate to 
wings of equivalent section properties but differing in semispan -chord 
ratio, indicates that as the semispan-chord ratio is decreased, the value 
of the wave-length parameter at which the abrupt rise in dynamic pressiire 
occurs is decreased and the spread between experiment and the analytlcaJL 
results based on two-dimensional aerodynamic theory is Increased. 

It should be noted that the type of wing construction employed 
permits the possibility of fore and aft (that is, in the stream direction) 
bending entering the problem. The effects of fore and aft bending were, 
however, not considered in the analytical work. 



10 


MCA TN 2558 


CONCLUSIONS 


An experimental investigation has been made of some effects of 
variations in several parameters, including fluid, density, on tbe flutter 
characteristics of li^t uniform cantilever vlngs . The assortment of 
vings covered, a variety of positions of the elastic axis eind. center of 
gravity and. values of the aspect ratio of 8, 6, and. k. The relative- 
density parameter l/VlT was varied, over a range of values from 1.2 to 
nearly l4. The experimental investigation has been supplemented, by an 
analytical investigation based., for most cases, on two-dimensional 
aerodynamic theory for Incompressible flow. Corrections for effects of 
finite span have been made to selected, data. The results presented 
support the following conclusions: 

1. The general experimental and. analytical investigations confirmed, 
the observation that, for fairly hi gh values of the relative -density 
parameter {l/'fH greater than 3)^ the flutter -speed, coefficient decreased, 
with decreasing values of the relative -density parameter and was nearly 
proportional to the Inverse of the square root of the air density. 

2. For fairly hl^ values of the relative-density parameter (l/'/iT 
greater than 3)^ "the results of the analysis based, on two-dimensional 
aerod.ynamlc data generally followed, the trends indicated, by experiment 
but were conservative. 

3 . For lower values of the relative-density parameter (i/nTk” less 
than 3 ) j the trends of the two-dimensional aerodynamic theory indicated 
a minimum value of, and an abrupt rise in, the value of the flutter- 
speed coefficient, whereas, experimental points were obtained below this 
minimum theoretical value. A region exists, then, where the analytical 
considerations employed indicated a freedom from flutter not supported 
by experiment. Further analytical investigation of this region seems 
desirable . 

4. The application of finite -span corrections to results for one 
configuration Improved the agreement with experiment for hlg^ values of 
the relative-density parameter but showed little effect in the region of 
low values of this parameter where the two-dimensional aerodynamic theory 
predicted an abrupt rise in the flutter -speed coefficient. 

5 . The dynamic pressure at flutter, with experimental values 
modified by a compressibility correction, was in general, relatively 
constant for values of the wave-length parameter v/bcs greater than 2 
or 3 . 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., September 6, 1951 
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TABLE I,- 


Model 

a 

a + Xa 

r 2 
■‘a 

(l-bSii.2) 

(I'b-L.S) 

lT- 32 -if 

-0,628 

-0,358 

0.336 

15,400 

180,600 

17 - 32-3 

-.628 

-.358 

.336 


180,600 

17-32-2 

-.628 

-.358 

.336 


180,600 

27-38-4 

-.454 

-.242 

.258 

25/720 

264,000 

27-38-3 

-.454 

-.242 

.258 

25,720 

264,000 

27-38-2 

-.454 

-.242 

.258 

25,720 

264,000 

27 - 31-4 

-.454 

-.374 

.256 

25,720 

264,000 

39J12-4 

-.218 

-.150 

.162 


236,000 

39 _i» 2_3 

-.218 

-..150 

.162 


236,000 


(radlans/sec) 

% 

: (radianfl/sec) 

(U 

a 

(radlans/sec) 

m 

(slugs/ft) 

75.7 

481,7 

136.0 

0.0106 

134.5 

855.9 

181.6 

.0106 

302.5 

1925.0 

272.0 

.0106 

80.4 

511.6 ' 

178.0 

.0135 

142,5 

906.7 1 

237.0 

.0135 

321.4 

2045.0 

355.0 

.0135 

70,4 

448.0 

155.0 

,0167 

96.1 

612.0 

232.0 

.0132 

170.6 

1086.0 

310.0 

.0132 1 
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TABLE H.- EXPERIMENTAL AND THEORETICAL DATA POR 

MODEL 17-32-4 


1 

M 

Experiment 

Theory 

v/bc%, 


v/boi 

q/\Jl - M^ 

(Ib/sq Ft) 

v/bacia, 

co/%, 

v/hco 

q 

(Ib/sq ft) 

Air 

2.36 

0.126 

2.06 

0.809 

n 

2.54 

20.1 

2.26 

0.840 

2.69 

24.0 

3.01 

.151 

2.47 

.813 

3.04 

22.6 

2.34 

.836 

2.80 

20.1 

3.25 

.165 

2.69 

.802 

3.36 

21.6 

2.50 

.859 

2.91 

17.4 

3.75 

.182 

2.96 

.798 

3.71 

19.7 

2.63 

.822 

3.20 

15.3 

4.62 

.219 

3.56 

.799 

4.46 

22.7 

3.21 

.807 

3.98 

15.0 

5.32 

.242 

3.93 

.784 

5.02 

17.5 

3.47 

.782 

4.44 

13.2 

6.19 

.271 

4.40 

.768 

5.74 

16.3 

4.18 

.764 

5.47 

l4.i 

7.05 

.306 

4.95 

.760 

6.52 

16.1 

4.51 

.803 

5.62 

12.7 

8.42 

.356 

5.74 

.754 

7.62 

15.5 

5.46 

.783 

6.97 

13.1 

Freon-12 

1.20 

0.222 

1.63 

0.803 

2.03 

58.5 


. — Mr 



1.33 

.208 

1.53 

.785 

1.95 

41.9 


n— 


.... 

1.48 

.210 

1.57 

.810 

1.94 

35.5 

— 




1.73 

.222 

1.66 

.826 

2.01 

29.5 




.... 

2.14 

.26a 

1.97 

.947 

2.08 

27.5 

2.31 

0.840 

2.75 

36.0 

3.01 

.325 

2.51 

.828 

3.03 

22.9 

2.37 

.840 

2.82 

19.2 
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TABLE III.- EXITEIMEirrAL AHD THEORETICAL DATA FOR 

MODEL 17-32-3 


1 

spr 

M 


Theory 

v/boctt, 

<“/<% 

v/bcu 

q/]/l - 
(iL/sq ft) 


o)/n^ 

v/bo) 

q 

(ib/sq ft) 

Air 

2.42 

0.155 

1.92 

0.936 

2.05 

35.4 

1.77 

0.964 

1.84 

29.6 

2.96 

.184 

2.28 

.939 

2:42 

33.4 

1.92 

.960 

2.00 

23.3 

3.40 

.210 

2.60 

.9^ 

2.76 

33.3 

2.10 

.966 

2.18 

21.2 

4.22 

.252 

3.11 

.930 

3.34 

31.1 

2.39 

.992 

2 . 4 i 

17.8 

4.73 

.277 

3 . 4 i 

.921 

3.70 

29.9 

2.74 

.942 

2.91 

18.5 

5.52 

-313 

3.85 

.917 

4.20 

28.3 

3.06 

.947 

3.23 

17.0 

6.47 

.110 

1.36 

.687 

1.98 

2.45 

3.55 

.922 

3.85 

16.7 

7.63 

.144 

1.78 

.698 

2.56 

3.06 

3.97 

.906 

4.38 

15.0 

Freon -12 

1.20 

0.311 

1.66 

0949 

1.75 

111.9 



^ “ 


1.45 

.299 

1.60 

.930 

1.72 

70.6 




— — 


1.68 

.302 

1.63 

.959 

1.70 

54.2 

3.22 

1 . 00 

3.22 

202.6 

2.11 

.330 

1.80 

.948 

1.90 

42.8 

1.81 

.963 

1.88 

4 o .8 

2.46 

.358 

1.99 

.952 

2.09 

39.0 

1.77 

.962 

1.84 

28.9 

2.78 

.392 

2.19 

.948 

2.31 

37.4 

1.84 

.964 

1.91 

24.3 

3.46 

-.455 

2.55 

.930 

2.74 

33.8 

2.13 

.968 

2.20 

21.1 
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TABLE IV.- EXPERIMENTAL AND THEORETICAL DATA FOR 

MODEL 17-32-2 


1 

M 

— 

Experimeni; 


Theory 


<a/(D^ 

v/boi 

q/Vi - m 2 

(Ib/sq ft) 



v/bo) 

(Ib/sq ft) 

Air 

2 M 

0.212 

1.75 

1.151 

1.52 

66.1 

1.42 

1.291 

1.10 

49.0 

2.99 

.252 

2.09 

1.118 

1.87 

62.8 

1.47 

1.278 

1.15 

30.1 

3.33 

.285 

2.35 

1.152 

2.04 

64.8 

1.51 

1.302 

1.16 

25.7 

4.26 

.351 

2.89 

1.194 

2.42 

61.3 

1.69 

1.310 

1.29 

19.6 

4.97 

.405 

3.33 

1.224 

2.72 

61.3 

2.04 

1.308 

1.56 

21.4 

5.62 

.458 

3.76 

1.205 

3.12 

62.8 

2.61 

1.292 

2.02 

26.8 

6.25 

.507 

4.17 

1.234 

3.38 

64.3 

2.98 

1.124 

2.65 

28.3 

7.15 

.577 

4.72 

1.232 

3.83 

66.2 

3.30 

1.196 

2.76 

26.5 

8.55 

.683 

5.59 

1.210 

4.62 

72.8 

4.13 

1.236 

3.34 

29.1 

9.54 

.737 

6.02 

1.209 

4.98 

73.5 

4.52 

1.208 

3.74 

28.0 




l 6 
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TABLE V.- EXPERIMENTAL AND THEORETICAL DATA FOR 
MODEL 27-38-^ 


1 

iK 

M 

Experiment 

Theory 

v/b% 


v/ba> 

q/\jl - 

(it/sq ft) 



v/b 03 

q 

(ih/sq ft) 

Air 

2.76 

0.151 

1.93 

0.748 

2.58 

33.6 

1.83 

0.712 

2 . 5 L 

30.1 

3.22 

.171 

2.18 

.744 

2.93 

31.4 

2.02 

.709 

2.85 

26.7 

3.95 

.204 

2.59 

.728 

3.56 

29.8 

2.34 

.703 

3.33 

23.9 

5.42 

.268 

3 . 4 o 

.677 

5.02 

27.7 

3.02 

.692 

4.37 

21.1 

8.00 

.387 

4.88 

.642 

7-60 

27.4 





10.59 

.484 

6.06 

. 6 l 4 

9.88 

25.4 

5.38 

.727 

7 . 4 o 

17.6 

12.91 

.587 

7.29 

.595 

12.25 

26.8 

6.40 

.694 

9.23 

16.7 

13.81 

.594 

7.36 

.595 

12.36 

24.0 

6.71 

.638 

10.52 

16.1 

Freon -12 

1.36 

0.220 

1.23 

0.699 

1.76 

56.1 





1.46 

.227 

1.25 

.727 

1.72 

50.9 





1.64 

.236 

1.30 

.726 

1.79 

44.1 

10.98 

0.594 

18.50 

303.6 

1.91 

.261 

1.45 

.740 

1.96 

40.5 

1.70 

.711 

2.39 

54.1 

2.38 

.297 

1.68 

.764 

2.20 

35.5 

1.72 

.714 

2 . 4 i 

35.5 

3.50 

.393 

2.32 

.739 



3.14 

32.3 

2.15 

.707 

3 .o 4 

25.6 
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TABLE VI.- EXPERIMENTAL AND THEORETICAL DATA FOR 


MODEL 27-38-3 


M 

\[k 


Experiment 


v/bo^ cn/a^ v/b 03 ((t/sq ft)| ^/bo^ oj/o^ v/bcum^/gq 


2.76 

0.204 

1.94 

3A5 

.252 

2.39 

3.91^ 

.287 

2.72 

4.78 

.342 

3.25 

5.73 

.398 

3.75 

7.81 

.481 

4.50 

9.85 

.622 

5.36 


1.53 

0.303 

1.98 

.346 

2.45 

.389 

2.75 

.426 

3.04 

.462 

3.39 

.508 

4.13 

.572 


2.46 

1 

1 60.7 


2.26 

62.9 

1.84 

3.76 

60.1 

2.05 

4.65 

58.4 

2.39 

5.11 

56.2 

2.76 

5.82 

45.7 

3.08 

7.99 

53.0 

4.34 


Freon -12 


0 

0 

1.69 

91.4 


.748 

1.91 

72.7 

— 

• TTT 

2.15 

60.9 

1.56 

.770 

2.39 

59.4 

1.64 

.695 

2.88 

58.7 

1.65 

.736 

2.99 

59-1 

1.85 

.714 

3.46 

55.4 

2.08 





2.26 

36.1 

2.53 

32.7 

2.98 

30.1 

3.45 

28.1 

3.71 

18.7 

5.81 

23.4 
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TAHLE VII.- ESPERIMEIiniAL AND THEORETICAL DATA FOR 
MODEL 27 - 38-2 


1 

M 

Experiment 

Theory 



y/hcn 

q/\k - 
(ib/sq ft) 


oj/o^ 

v/ho) 

q 

(Ih/sq ft) 

Air 

2.78 

3.^1 

3.93 

4.91 

5.95 

7.10 

8.33 

10.08 

0.279 

.335 

.349 

.445 

.525 

.623 

.704 

.835 

1.77 

2.12 

2.21 

2.80 

3-28 

3.83 

4.30 

5.05 

0.922 

.888 

.9h8 

.886 

.872 

.855 

.833 

.778 

1.92 

2.39 

2.33 

3.16 
3.76 

4.48 

5.16 

6.49 

114.1 

110.5 

90.6 

98.2 

96-7 

100.7 

101.4 

123.5 

1.32 

1.48 

1.65 

1.98 

2.37 

2.88 

3.23 

3.77 

1.065 

1.072 

1.086 

1.064 

1.o49 

1.014 

1.070 

1.030 

1.24 

1.38 

1.52 

1.86 

2.26 

2.84 

3.02 

3.66 

61.0 
51.2 

47.1 

44.1 
42.7 

44.5 

40.5 
37.9 

Freon-12 

4.53 

0.723 

2.12 

0.800 

2.65 

85 .7 

1.85 

1.069 

1.73 

44.9 
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TABLE VIII.- 

EXPERIMEHTAL AHD THEORETICAL DATA FOR 
MODEL 27 - 31-4 



M 

Experinent 

1 Theory 



v/bto 

q/Ji 



v/ho) 

1 

r ^ 


(ib/sq ft) 

I(lh/sq ft) 

Air 

3.01 

0.177 

2.56 

0.676 

3.79 

46.2 

3.04 

0.671 

4.53 

63.9 

3.70 

.210 

3.02 

.674 

4.48 

43.2 

3.25 

.668 

4.87 

48.8 

4.38 

.242 

3.47 

.672 

5.17 

40.9 

3.60 

.667 

5.40 

42.5 

5.17 

.281 

4.02 

.664 

6.06 

39.7 

3.96 

.671 

5.90 

36.9 

5.53 

.310 

4.44 

.664 

6.69 

42.6 

4.25 

.656 

6.48 

37.2 

6.71 

.353 

5.05 

.656 

7.70 

38.2 

5.03 

.657 

7.66 

35.4 

7.36 

.385 

5.49 

.633 

8.68 

38.0 

5.44 

.654 

8.32 

34.4 

8.20 

.423 

6.01 

.633 

9.49 

37.3 

5.99 

.648 

9.25 

33.7 

9.67 

.477 

6.75 

.628 

10.76 

35.0 i 

6.93 

.646 

10.72 

32.4 

Freon -12 


0.289 
.315 
■ .346 
.394 
.442 
.518 


0.683 
• 705 
.675 
.692 
.686 
.715 


2.68 

2.81 

3.26 

3.69 

4.23 

4.88 


66.4 

59.3 

47.4 

43.4 

4 0 .5 

37.5 


3 .i 4 

3.08 

3.30 

3.92 


0.671 

.671 

.668 


4.68 

4.59 

4.94 


.666 5.89 


89.9 

57.9 
47.0 
4 o .4 
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TABLE IX.- EXPERIMENTAL AND THEORETICAL BATA FOR 

MODEL 39 - 42-4 


1 



Experimeni 

» 


Theory 


1 

v/iT 

M 

v/bo^ 


v/bcu 

i 

<ilji - m 2 
(Ib/sq ft) 



v/boj 

,9 

(Ib/sq ft) 






Air 





2.63 

0.146 

1.39 

0.563 

2.47 

32.1 

1.42 

0.606 

2.34 

33.0 

3.24 

.177 

1.68 

.524 

3.21 

31.0 

1.60 

.603 

2.66 

27.7 

3.63 

.197 

1.89 

.532 

3.55 

30.6 

1.73 

.602 

2.88 

25.8 

4.18 


2.10 

.540 

3.89 

29.3 

1.93 

.596 

3.23 

24.1 

5.13 

.266 

2.50 

.560 

4.47 

28.0 

2.28 

.591 

3.86 

22.3 

6.00 

.306 

2.88 

.542 

5.31 

27.3 

2.61 

.572 

4.48 

21.3 

7.35 

.365 

3.42 

.542 

6.31 

26.3 

3.11 

.566 

5.49 

20.2 

8.64 

.418 

3.91 

.542 

7.22 

25.4 

3.59 

.558 

6.43 

19.5 

10.52 

.485 

4.51 

.539 

8.37 

23.7 

4.29 

.549 

7.82 

18.8 


0.216 

.234 

.274 

.300 

.340 

.39^ 


FreQJi -12 


38.0 

32.4 
29.7 

28.5 
27.9 
26.3 


1 



CO 

Os 

0 

2.29 

23.4 

.605 

2.28 

29.7 

.604 

2.42 

28.5 

.602 

2.69 

27.9 

.598 

3.21 

26.3 
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TABLE X.- EXPERIMEirnAL AND THEORETICAL DATA FOR 

MODEL 39-^2-3 



.NACA, 
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Figure 3»- Variation of flutter-speed coefficient v/ba>ct, vith the relative 
denaltv -Darameter lA/lt for model 17 - 32 - 3 . 
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Figure 10.- Variation of flutter-speed coefficient v/bo^x with the relative 
density parameter l/\/T for model 39-42-3. 
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(a) Models 17-32-4, 17-32-3, and 17-32-2. 

Figure 11.- Variation of flutter-speed coefficient v/bo^ with the relative 
density parameter 1 /\/i^ fon models vith various l/c ratios. 
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Figure 12 .- Plots of daiqplng coefficient g against wave-length 
parameter v/lxo from the analytical investigation of 

model 17-32-3. vn 
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Figure 13.- Dynamic preaeure at flutter plotted against wave-length 
parameter v/bn for model 17-32-4. 
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